At ACO 2 AMF improved the photochemistry efficiency of PSII compared with non-mycorrhizal plants, irrespective of irrigation regime. Mycorrhizal wheat accumulated more fructan than non-mycorrhizal plants under optimal irrigation. The level of proline in the flag leaf increased only in mycorrhizal wheat after applying drought. Mycorrhizal association avoided photosynthetic acclimation under ECO 2 . However, nitrogen availability to flag leaves in mycorrhizal plants was lower under ECO 2 than at ACO 2 . Results suggest that the mechanisms underlying the interactions between mycorrhizal association and atmospheric CO 2 concentration can be crucial for the benefits that this symbiosis can provide to wheat plants undergoing water deficit.
Introduction
Wheat is one of the major crops in temperate regions. Its production in the world reached nearly 730 million tonnes (Tm) in 2014/2015 and the estimated production for 2015/2016 is 733 million Tm. The European Union (EU), together with Argentina, Australia, Canada, Kazakhstan, the Russian Federation and Ukraine, is one of the major wheat exporters (FAO 2016) . Despite an expected increase in cereal production from the projected increase in CO 2 (Manderscheid and Weigel 1995; Amthor 2001) , the interaction of CO 2 with other limiting environmental factors (mainly temperature and low water and/or nitrogen availability) might decrease or eliminate the positive effect of elevated CO 2 (ECO 2 ) on plant production (Aranjuelo and Abstract A greater understanding of how climate change will affect crop photosynthetic performance has been described as a target goal to improve yield potential. Other concomitant stressors can reduce the positive effect of elevated atmospheric CO 2 on wheat yield. Arbuscular mycorrhizal fungi (AMF) are symbiotic fungi predicted to be important in defining plant responses to rising atmospheric CO 2 , but their role in response to global climatic change is still poorly understood. This study aimed to assess if increased atmospheric CO 2 interacting with drought can modify the effects of mycorrhizal symbiosis on flag leaf physiology in winter wheat. The study was performed in climate-controlled greenhouses with ambient (400 ppm, ACO 2 ) or elevated (700 ppm, ECO 2 ) CO 2 concentrations in the air. Within each greenhouse half of the plants were inoculated with Rhizophagus intraradices. When ear emergence began, half of the plants from each mycorrhizal and CO 2 treatment were subjected to terminal drought. others 2011, 2013) . The phenophases in which wheat plants are exposed to drought strongly influence the effect of elevated CO 2 concentrations in the atmosphere on the yield (Varga and others 2016) . Indeed, as observed by Oury and others (2012) , the beneficial effects expected from the increase in [CO 2 ] in European crop production during recent decades have been constrained by the effects of temperature increases and extended drought. There is increasing evidence that to achieve a quantum boost to cereal crop yield potential, a major improvement in photosynthetic capacity and/or efficiency will be required (Reynolds and others 2011) . There is also evidence that historic gains in wheat yield potential have been associated with increased photosynthesis. Furthermore, basic research in photosynthesis has confirmed that substantial improvements are theoretically possible (Parry and others 2013) .
Arbuscular mycorrhizal fungi (AMF) are soil inhabitants belonging to the phylum Glomeromycota, with a presumed origin at least 460 million years ago (Schüler and others 2001) . These fungi colonize the roots of over 80% of plant species, including wheat (see Singh and others 2012 for more detailed information), mostly to the mutual benefit of both the plant host and the fungus. In the context of rising atmospheric CO 2 , AMF are predicted to be important in defining plant responses to ECO 2 concentrations. According to Cavagnaro and others (2011) , lower contents of phosphorus (P) in tissues of plants when grown under ECO 2 can be alleviated by the formation of AMF, and improvements in plant nitrogen (N) nutrition resulting from the formation of mycorrhizal symbiosis may be also important in determining plant responses to atmospheric CO 2 enrichment. However, results from assays performed under controlled conditions do not always support the hypothesis that the benefits of mycorrhizal association for host plants will be greater under [CO 2 ] conditions higher than those currently existing in air. Although AMF improved carbon (C) accumulation and N uptake in wheat under ECO 2 (Zhu and others 2016) , the accumulation of some mineral nutrients (P, Cu, Fe) and antioxidant compounds induced by AMF in leaves of lettuces cultivated at current [CO 2 ] levels decreased or even disappeared under ECO 2 (Baslam and others 2012a) . Moreover, photosynthetic acclimation was increased in alfalfa associated with AMF under ECO 2 (Goicoechea and others 2014). In addition, the effects of AMF on host plants may depend on other limiting environmental factors interacting with ECO 2 . Although AMF improved vegetative growth of Triticum aestivum subjected to salinity stress under ECO 2 (Zhu and others 2016) , the confluence of water deficit and ECO 2 caused a general depletion of micro/macro nutrients and gliadins in grains of T. durum (Goicoechea and others 2016) . All these findings indicate that the role that AMF may play in response to global climatic change is still poorly understood.
The process of grain filling in cereals, which is crucial for grain yield, is closely linked to flag leaf functionalities. Some recent studies have focused on the primary C metabolism, N assimilation and transpiration in the flag leaf of wheat plants cultivated under ECO 2 at ambient (Aranjuelo and others 2015) or increased (Jauregui and others 2015) air temperature. However, a reasonable understanding of the function of flag leaves under drought conditions is lacking for any mycorrhized cereal (Biswal and Kohli 2013) . To our knowledge, no information is available on the metabolism and physiology of flag leaves in cereals subjected to the interaction between ECO 2 , drought and mycorrhizal symbiosis. We have only found one study focusing on the contribution of AMF for wheat plants grown under ECO 2 and undergoing salinity stress (Zhu and others 2016) .
All these findings lead us to pose the following hypotheses: (1) the association of wheat with AMF might improve the water and nutritional status of host plants and consequently; (2) this symbiotic association could reduce the negative effect of water deficit on the physiology of flag leaves; (3) in contrast, the elevated CO 2 in the atmosphere may decrease the expected beneficial effect of AMF on flag leaf physiology under drought conditions.
To test such hypotheses, we performed measurements related to growth parameters directly affected by drought, mycorrhizal symbiosis and/or the CO 2 concentration in the atmosphere, such as biomass and spike production. Moreover, we determined certain physiological parameters (carbon exchange rate, photochemistry efficiency of PSII, or the accumulation of osmolites) that can highlight the response of plants to water deficit and these measurements were carried out in the flag leaf because of its direct connection with grain filling. In this way, we have more exhaustively analysed the sugar profile and nitrogen assimilation in the flag leaves of wheat plants undergoing different growth conditions.
Materials and Methods

Plant Material and Experimental Design
High yielding durum wheat (T. durum, Def. cv. Amilcar) seeds were vernalized during 3 weeks in a cold chamber at 4 °C. After vernalization, seedlings were transplanted, in a controlled environmental chamber (Conviron PGV 36, Winnipeg, Canada), into 13L pots (two plants per pot) containing a mixture of 2.5:2.5:1 (v/v/v) vermiculite/sand/peat. The peat had a pH of 5.2-6.0, 70-150 mg L −1 of nitrogen, 80-180 mg L −1 of total P 2 O 5 and 140-220 mg L −1 K 2 O and it was previously sterilized at 100 °C for 1 h on three consecutive days. Growth conditions within the chamber were fixed at 25/15 °C (day/night), 45% relative humidity (RH) values, with a photoperiod of 14 h fluorescent and photosynthetic photon flux density (PPDF) of about 300-400 µmolm −2 s −1 provided by lamps (Sylvania DECOR183, Professional-58W, Germany).
After 7 days of growth in the growth chambers (on 18th March), half of the plants (64 plants in 32 pots) (growth stage 12 according to the Zadoks scale, 1974) were inoculated with the mycorrhizal inoculum 'Glomygel Intensivo' (Mycovitro S.L., Pinos Puente, Granada, Spain) (+M plants). The concentrated commercial inoculum was derived from an in vitro culture of the AMF Rhizophagus intraradices (Schenck and Smith) Walker & Schüβler comb. nov. (Krüger and others 2012) and contained around 2000 mycorrhizal propagules (inert pieces of roots colonized by AMF, spores and vegetative mycelium) per mL of inoculum. To facilitate its application, the concentrated commercial inoculum was diluted with distilled water until a resultant mycorrhizal inoculum with around 250 propagules per mL was obtained. Each +M plant received 8 mL of the diluted mycorrhizal inoculum close to the roots thus making a total of 2000 propagules. A filtrate was added to plants that did not receive the mycorrhizal inoculum (−M plants, 64 plants in 32 pots) in an attempt to restore other soil free-living microorganisms accompanying AMF (Jansa and others 2013) . The filtrate was obtained by passing the diluted mycorrhizal inoculum through a layer of 15-20 µm filter papers (Whatman, GE Healthcare, UK) and each −M plant received 8 mL of filtrate close to the roots.
The plants were then transferred (also on 18th March) to four [CO 2 ]-controlled greenhouses located on the Universidad de Navarra campus (42.80N, 1.66W; Pamplona, Spain) (two ambient CO 2 (ACO 2 ) and two elevated CO 2 (ECO 2 ) greenhouses). The design of the greenhouses was similar to that described by Morales and others (2014) . Sixteen −M pots (32 plants) and sixteen +M pots (32 plants) were placed in ACO 2 greenhouses (eight −M and eight +M pots in each ACO 2 greenhouse). Sixteen −M pots (32 plants) and sixteen +M pots (32 plants) were placed in ECO 2 greenhouses (eight −M and eight +M pots in each ECO 2 greenhouse). To prevent the CO 2 effect being confounded with greenhouse effects (De Luis and others 1999), we used two ACO 2 greenhouses and two ECO 2 greenhouses, and the sixteen pots belonging to the same treatment were divided between the two greenhouses with equal atmospheric CO 2 concentrations. Data obtained for the same treatment from the two equivalent greenhouses were then pooled for statistical analyses. In the two ACO 2 greenhouses, no CO 2 was added and the [CO 2 ] in the atmosphere was approximately 392 µmol mol −1 . In the other two greenhouses (ECO 2 ), [CO 2 ] was fixed at about 700 μmol mol −1 by injecting pure CO 2 (purity up to 99.99%) from cylindergases (34 L of CO 2 per cylinder) through the two inlet fans during the light hours. Injection of CO 2 to greenhouses began when the light intensity was equal or greater than 5 W m − 2 as measured by a Silicon Pyranometer PYR-S (APOGEE Instruments, Inc., Logan, UT, USA) making a total of 13-15 h of high CO 2 a day from March to June. The CO 2 was provided by Air Liquide (Bilbao, Spain). The [CO 2 ] was continuously monitored using a Guardian Plus gas monitor (Edinburgh Instruments Ltd, Livingston, UK). The monitor's signal was fed into a proportional integrative differential controller that regulated the opening time (within a 10-s cycle) of a solenoid valve that injected CO 2 into both inlet fans. Inside the greenhouses, the pots were placed in holes made in the soil to provide natural temperature fluctuations, thus simulating the temperature differences observed between shoots and roots under field conditions (Rawson and others 1995 ). Terminal drought was selected because it is characteristic of regions with Mediterraneantype climates where rainfall decreases and evaporation and temperature increase in spring, when wheat enters its reproductive stage (Fitzpatrick 1970) . Therefore, we had a total of eight different treatments: -M WW ACO 2 ; -M D ACO 2; +M WW ACO 2; +M D ACO 2; -M WW ECO 2 ; -M D ECO 2 ; +M WW ECO 2 ; +M D ECO 2 , and the experiment, with four repetitions, was replicated in two greenhouse pairs thus making a total of eight pots per treatment with two plants per pot. One plant per pot was used to determine growth parameters as well as nitrogen and carbon isotopic composition; the other plant was used for physiological (CO 2 exchange rate, leaf conductance, intercellular CO 2 concentration and maximum quantum yield of PSII) measurements, biochemical (sugars, proteins and proline) determinations and for the analysis of mycorrhizal colonization.
To determine N absorption,
15
N labelling was conducted for 1 week in four pots of each of the above-mentioned treatments (two per greenhouse), starting 1 week after anthesis (time at which >50% of spikes showed protruding anthers) (growth stage 65 according to the Zadoks scale 1974). This labelling time was selected because it falls within the critical timeframe for grain yield (Aranjuelo and others 2013) , with the onset of protein remobilization (Hirel and Gallais 2006) 
Mycorrhizal Analyses
To verify if AMF was established in the roots of wheat before applying drought conditions, five fragments of roots were taken from each pot (thus making a total of 40 root fragments per treatment) when the first spikelet of inflorescence was visible (growth stage 50, Zadoks and others 1974) , and then cleared and stained according to Phillips and Hayman (1970) . Fragments of roots were carefully collected to avoid major disturbance of the whole root system. Root fragments were also taken from -M plants to apply disturbance comparable to that applied to + M plants. The percentage of mycorrhizal colonization in roots was calculated as the ratio between the number of roots showing fungal structures (hyphae, arbuscules and/or vesicles) and the total number of roots examined. Results were expressed as percentages.
Plant Growth
Growth analyses were conducted in plants harvested 2 weeks after anthesis (on 21st June 2013) (growth stage 69, Zadoks and others 1974). Shoot, root and spike samples were dried at 60 °C in an oven for 48 h to determine the dry mass (DM).
Carbon (C) and Nitrogen (N) Isotope and Content Analysis
Flag leaves (harvested on 21st June 2013) were dried at 60 °C for 48 h, and analysed for C and N isotope composition (δ and IAEA-N 2 ammonium sulphate and IAEA-NO 3 potassium nitrate, IAEA, Austria). The nitrogen isotope composition was then converted to a percentage: % 15 N = R sample /(1 + R sample ) where R sample was obtained with R standard ×(δ 15 N+1), with R standard = 0.003667. The 13 C/ 12 C ratio (R) in plant material was expressed in δ notation (δ 13 C) with respect to Vienna Pee Dee Belemnite calcium carbonate (V-PDB), and measured with an analytical precision of 0.1‰: δ 13 C accuracy was monitored using international secondary standards of known 13 C/ 12 C ratios (IAEA-CH7 polyethylene foil, IAEA-CH6 sucrose and USGS-40 glutamic acid, IAEA, Austria).
Gas Exchange and Chlorophyll Fluorescence Determinations
Well-developed and healthy flag leaves were selected to conduct gas exchange analyses 2 weeks after anthesis (growth stage 69, Zadoks and others 1974), using a Li-Cor 6400 XT portable photosynthesis system (Li-Cor, Lincoln, NE, USA). Photosynthetic parameters were obtained using the equations of von Caemmerer and Farquhar (1981) . CO 2 exchange rate (CER) and stomatal conductance (g w ) were measured either at 400 µmol mol −1 CO 2 for plants grown at ACO 2 or 700 µmol mol −1 CO 2 for plants grown at ECO 2 . The gas exchange system was maintained at 25 °C, and 1200 µmol m −2 s −1 photosynthetic photon flux density (PPFD) was provided by LED light.
To estimate the acclimation to the elevated CO 2 of stomatal conductance (g) and photosynthesis (A), Bunce's formulas were used (Bunce 2001) . The acclimatory response of g w and CER was quantified as the ratio of g w or CER for plants grown at ECO 2 to those of plants grown at ACO 2 , when both were measured at 700 µmol mol −1 CO 2 . When the ratio reached values lower than one, an acclimation process was deemed to have taken place.
Measurements of chlorophyll fluorescence emission were made 2 weeks after anthesis (growth stage 69) with the LiCor 6400XP gas exchange analyser on dark-adapted flag leaves. Minimal (F o ) and maximal (F m ) fluorescence emission were recorded. Then the maximum quantum yield of photosystem II (F v /F m , where F v is F m -F o ) was calculated (Genty and others 1989) .
Biochemical Analyses
Samples (0.1 g DM of leaves) for soluble carbohydrate analyses were collected at final harvest (21st June 2013,
growth stage 69 according to Zadoks and others 1974) and freeze crushed. Polar compounds were extracted into 1 mL aqueous 80% ethanol at 80 °C, in three steps, each lasting 20 min (Jiménez and others 2011) . The mixture of each step was centrifuged for 5 min at 4800×g and slurries were pooled. Ethanol was evaporated under vacuum in a speed vac system (Thermo Fisher Scientific Inc., Waltham, MA, USA) and dry extracts were solubilized in 500 μL double-distilled water. The soluble carbohydrates of the samples were purified using about 3.5 g g −1 plant material ion exchange resins (Bio-Rad AG 50 W-X8 Resin 200-400 mesh hydrogen form, Bio-Rad AG 1-X4 Resin 200-400 chloride form). The samples were concentrated to 400 μL, filtered through a 0.22 μm filter, and 20 μL were used for analysis by high-performance liquid chromatography (HPLC), using a Ca-column (Aminex HPX-87C 300 x 7.8 mm column Bio-Rad) flushed with 0.6 mL min −1 double-distilled water at 85 °C with a refractive index detector (Waters 2410, Milford, MA, USA). Concentrations of the main carbohydrates, nystose, 1-kestose, sucrose, glucose, xylose, fructose and sorbitol were calculated for each sample using mannitol as an internal standard because it is not present in wheat samples. Carbohydrate quantification was performed with the Empower Login software, Waters (Millford, Mass, USA) using standards of analytical grade from Panreac Química S.A. (Barcelona, Spain) and SigmaAldrich (Schnelldorf, Germany). Concentrations of carbohydrates were expressed as mg g −1 DM. Starch, proline and total soluble proteins were quantified in potassium phosphate buffer (KPB) (50 mM, pH = 7.5) extracts of leaves (1 g FW of leaves). These extracts were filtered through four cheese cloth layers and centrifuged at 38,720 × g for 10 min at 4 °C. The pellet was used for starch determination (Jarvis and Walker 1993) . The supernatant was collected and stored at 4 °C for protein and proline determinations. Total soluble proteins were measured by the protein dye-binding method of Bradford (1976) using bovine serum albumin (BSA) as a standard. Free proline was estimated by spectrophotometric analysis at 515 nm of the ninhydrin reaction (Irigoyen and others 1992) . Results were expressed as mg of starch or total soluble proteins per gram of DM and nmol of proline per gram of DM.
Statistical Analysis
As explained above, plants were grown in two greenhouses per [CO 2 ] treatment. Two-factor ANOVA analyses (IBM SPSS v. 21) (between the same [CO 2 ] greenhouses, with AMF inoculation and water regime as the main factors) conducted in the above-mentioned parameters ruled out significant differences (P ≤ 0.05) derived from growth in the different greenhouses. For this reason, the subsequent statistical analyses were carried out with all the values (per [CO 2 ] treatment) combined. Data were subjected to a threefactor ANOVA (factorial 2 × 2 × 2) (IBM SPSS v. 21). The variance was related to the main treatments (AMF inoculation, AMF; atmospheric CO 2 concentration, CO 2 ; and water regime, W) and to the interaction between these parameters (AMF × CO 2 , AMF × W, CO 2 × W, AMF × CO 2 × W). Means ± standard errors (SE) were calculated and, when the F ratio was significant (P ≤ 0.05), a Duncan Multiple Range Test was applied. The acclimation of conductance and photosynthesis was tested using single-group t-tests, evaluating whether the mean ratios of each treatment differed significantly from a value of one (P ≤ 0.05). Data on mycorrhizal colonization were analysed by Chi-square (χ2) test and were subjected to arc-sin transformation before applying χ2-test. Tests results were always considered significant at P ≤ 0.05.
Results
Plant Growth, Gas Exchange and Chlorophyll Fluorescence Parameters
Neither the concentration of CO 2 in the atmosphere nor the water regime applied to plants altered the percentage of wheat roots showing mycorrhizal structures at growth stage 50 (Zadoks and others 1974) (Fig. 1) . Fungal structures were never found in roots of plants not inoculated with AMF.
At ECO 2 , shoot biomass of wheat plants was enhanced, especially when plants were well-watered (CO 2 , P ≤ 0.001; CO 2 × W, P ≤ 0.01) (Table 1) . However, the effect of growth [CO 2 ] was not significant in root and spike DM (CO 2 , P > 0.05), although ECO 2 increased the number of spikes in well-watered −M plants at growth stage 69 (Zadoks and others 1974) (CO 2, P ≤ 0.01; CO 2 × W, P ≤ 0.05). In relation to mycorrhizal symbiosis, there was no response in growth parameters, with the exception of a decreased root DM in +M plants grown with limited irrigation together with ACO 2 (AMF, P ≤ 0.05). On the other hand, water limitation reduced shoot biomass under ECO 2 conditions, regardless of whether plants were inoculated or not with AMF (W, P ≤ 0.05; CO 2 × W, P ≤ 0.01).
Photosynthetic rates in flag leaves of plants exposed to ECO 2 were significantly higher and concomitant with g w reductions compared with those of plants cultivated at ACO 2 (CO 2 , P ≤ 0.001 for CER and g w ) ( Table 2) . Nevertheless, this fact depended on mycorrhizal symbiosis (CO 2 × AMF, P ≤ 0.01 for CER and g w ). When wheat plants were inoculated with AMF, they exhibited an additional enhanced photosynthetic rate at ECO 2 . Photosynthetic parameters were down-regulated in wheat plants subjected to limited irrigation (W, P ≤ 0.001 for CER, g w , C i and Fv/ Fm), with a significant interaction between the three factors that were analysed in this study related to the photochemistry efficiency of PSII (CO 2 × AMF × W, P ≤ 0.01 for Fv/Fm).
The acclimatory responses of stomatal conductance and photosynthesis are shown in Table 3 . Although −M plants exhibit detectable effects on g w and CER due to ECO 2 exposure (ratios significantly lower than one (P ≤ 0.05), especially in plants undergoing water restrictions), in +M plants no acclimatory responses were observed.
C and N Isotopic Composition and Content in Flag Leaves
Wheat plants showed a triple interaction on non-labelled N isotopic composition of flag leaves between the factors analysed in the study (CO 2 × AMF × W, P ≤ 0.05) ( ) No. of spikes per plant ACO 2 −M WW 6.1 ± 0.2c 4.1 ± 0.2 3.6 ± 0.2ab 1.6 ± 0.1a D 6.7 ± 0.2bc 4.7 ± 0.0 3.3 ± 0.4b 2.2 ± 0.0abc +M WW 6.2 ± 0.1c 3.9 ± 0.2 3.5 ± 0.0ab 1.9 ± 0.2bc D 6.2 ± 0.5c 3.7 ± 0.4 3.9 ± 0.1ab 1.8 ± 0.2c ECO 2 −M WW 8.7 ± 0.3a (+43%) 4.7 ± 0.3 (+15%) 4.3 ± 0.3a (+ 20%) 2.8 ± 0.1a (+75%) D 7.4 ± 0.2b (+10%) 4.3 ± 0.1 (−9%) 3.6 ± 0.1ab (+9%) 2.5 ± 0.3ab (+14%) +M WW 8.6 ± 0.2a (+39%) 4.4 ± 0.2 (+13%) 3.6 ± 0.4ab (+3%) 2.5 ± 0.0ab (+32%) D 7.4 ± 0.4b (+19%) 3.8 ± 0.2 (+3%) 4.0 ± 0.3ab (+3%) 2.0 ± 0. 
Sugars, Starch, Proteins and Proline Determinations
The factor that most influenced the sugar profile in flag leaves of wheat plants was water availability (W, P ≤ 0.001 for glucose, xylose, sorbitol, fructan, fructan DP > 3, fructan + S + F + G and total sugars) ( Table 5 ). In fact, wheat plants subjected to drought and grown at ECO 2 contained higher concentrations of glucose and xylose than plants grown under well-watered and ACO 2 conditions (W, P ≤ 0.001; CO 2 , P ≤ 0.001; CO 2 × W, P ≤ 0.001). However, lower concentrations of sorbitol and fructan were detected in wheat grown with limited irrigation (W, P ≤ 0.001). Mycorrhizal symbiosis never reduced foliar total sugar concentrations under WW conditions (AMF, P > 0.05). Nevertheless, the levels of total sugars were the lowest in those + M plants cultivated with water restrictions (W, P ≤ 0.001; AMF × W, P ≤ 0.01). Moreover, sucrose content was reduced in + M plants grown at ACO 2 (AMF, P ≤ 0.01), whereas fructan concentrations increased in wheat inoculated with AMF (AMF, P ≤ 0.05). Although amounts of starch declined in flag leaves of wheat plants due to elevated CO 2 concentrations and drought (CO 2 , P ≤ 0.001; W, P ≤ 0.05), inoculation with AMF only reduced starch levels in the leaves of WW plants and at ACO 2 (Table 6 ). The interaction between the three factors in protein concentration resulted in the highest values in droughted -M plants and well-watered +M plants grown at ACO 2 in comparison with their respective controls (CO 2 × AMF × W, P ≤ 0.01). Levels of proline increased in plants subjected to limited irrigation (W, P ≤ 0.001), regardless of whether they were inoculated or not with AMF. However, WW plants exposed to ECO 2 showed the lowest concentrations of proline in flag leaves (CO 2 , P ≤ 0.01; CO 2 × W, P ≤ 0.001).
Discussion
Effects of Mycorrhizal Association at ACO 2
Under optimal irrigation (WW), the development of vegetative organs (shoot and root) was similar in -M and +M wheat, but the number of spikes was slightly higher in +M than in -M plants ( Table 1 ), indicating that phenology may be accelerated in wheat inoculated with AMF. In agreement with this hypothesis, Baslam and others (2012b) also observed that the association of alfalfa with AMF can shorten the vegetative period of this forage legume. However, although the application of water deficit (D) accelerated the production of spikes in −M plants, it did not affect the number of spikes in +M plants, suggesting that water restriction only accelerated life cycle in −M wheat plants. Mycorrhizal symbiosis can delay (Goicoechea and others 1995) or accelerate (Goicoechea and others 2004) the senescence of vegetative organs in host plants subjected to drought depending on the type of plant and its own ecological adaptations to cope with water deficit. Under water restriction (D), root biomass was significantly lower in +M than in −M wheat (Table 1) which may be because fungal hyphae associated with roots can uptake water and in the whole plant, soil-to-root or root-to-leaf hydraulic conductance was improved in plants associated with AMF and subjected to drought (Augé 2001) . Arbuscular mycorrhizal (AM) symbioses often modify stomatal behaviour although the degree of such an effect is not always apparent and is unpredictable. In several previous studies, AMF have been reported to favour stomatal opening, with the effects being more pronounced under drought than under well-watered conditions (Augé and others 2015) . In the present study, leaf conductance (Table 2) was lower in the flag leaves from +M wheat plants than in their respective −M controls when cultivated at ACO 2 and optimal irrigation (WW). The reduced leaf conductance (Table 2) together with lower N content (Table 4) 5.0 ± 1.2d 3.8 ± 0.7a 0.5 ± 0.1bc 50.4 ± 8.6a 36.5 ± 6.9bc 12.3 ± 2.8bc 11.6 ± 0.8 bcd 67.4 ± 13.4 103.9 ± 1.0cd 109.7 ± 2.3bc D 8.8 ± 0.6bc 8.5 ± 0.3cd 3.4 ± 0.9a 0.5 ± 0.1abc 43.5 ± 6.4ab 42.0 ± 8.4b 26.3 ± 5.6b 15.7 ± 2.8 abc 58.5 ± 9.1 103.2 ± 12.7d 112.2 ± 12.5 bc +M WW 8.5 ± 1.9bc 8.2 ± 2.0cd 4.0 ± 0.4a 0.5 ± 0.1abc 33.7 ± 5.0bc 105.9 ± 8.3a 85.5 ± 7.1a 19.0 ± 2.8a −M WW 13.2 ± 0.6b 10.5 ± 0.9c 3.7 ± 0.6a 0.6 ± 0.1a 35.6 ± 0.5abc 83.6 ± 7.2a 71.7 ± 7.2a 13.2 ± 2.2abc 58.2 ± 9.2 137.9 ± 7.2abc 157.5 ± 23.1ab (+44%) D 23.4 ± 1.8a 16.6 ± 1.0b 4.2 ± 0.8a 0.3 ± 0.1cd 48.8 ± 5.5ab 28.1 ± 4.5bc 18.6 ± 3.5bc 9.8 ± 1.7cd
87.0 ± 8.4 115.2 ± 13.0bcd
134.7 ± 13.8b (+20%) +M WW 11.0 ± 0.9bc 10.6 ± 1.1c 3.0 ± 0.3a 0.6 ± 0.1ab 46.9 ± 3.6ab 103.9 ± 9.8a 87.8 ± 8.6a 17.2 ± 2.9ab
66.1 ± 7.2 175.3 ± 23.7a
185.1 ± 24.5a (+16% (Vos and Oyarzún 1987) . The above-mentioned decline in stomatal conductance in flag leaves of +M wheat at ACO 2 and optimal irrigation (WW) was not correlated with reduced photosynthetic rates, thus resulting in smaller Ci concentrations than in flag leaves from −M plants (Table 2) . Similarly, Aranjuelo and others (2015) found that leaf conductance in durum wheat declined somewhat more with age than photosynthesis. The higher values of the ratio of Fv/Fm in +M wheat at ACO 2 and WW conditions in comparison with those of -M plants (Table 2) indicate that AMF improved photochemistry efficiency of PSII (Zhu and others 2012) and this beneficial effect became more evident after applying water deficit (D) indicating that mycorrhizal symbiosis reduced the degree of stress suffered by wheat plants (Baker 2008) . When comparing the carbohydrate profile in flag leaves of −M and +M wheat grown at ACO 2 under WW conditions (Table 5) , we found that +M plants accumulated almost three times more fructan than −M plants. Mül-ler and others (1999) observed that mycorrhizal symbiosis exerted systemic effects on assimilate partitioning in shoots so that levels of fructan were lower, similar or higher in leaves of mycorrhizal plants than in those of non-mycorrhizal plants depending on plant phenology, age of leaf and the fertilization applied to plants. Some studies have demonstrated that when plants are transformed with the ability to synthesize fructan, a concomitant increase in drought and/or freezing tolerance occurs (see the review by Livingston and others 2009). In our study, the application of water deficit (D) caused a marked decrease in the levels of fructan in the flag leaves of +M plants (reduction exceeding 80%) at ACO 2 (Table 5) . Moreover, the proportion of hexoses (glucose, fructose and sorbitol) in relation to sucrose and fructan increased from 0.09 in WW plants to 0.22 in stressed (D) plants. Such data suggest that some specific enzymes such as invertase, fructan 1-fructosyltransferase and fructan 1-exohydrolase might have contributed to generate the hexose pool (Oliveira and others 2013) . This preferential accumulation of hexoses may have contributed to increase the tolerance of +M wheat cv. Amilcar against drought (Gupta and others 2011) . In −M plants cultivated at ACO 2 , the application of water deficit (D) did not significantly enhance the proportion of hexoses in relation to sucrose and fructan (0.13 in WW plants and 0.15 in stressed plants) (Table 5) .
Another relevant benefit of AMF for wheat plants cultivated at ACO 2 was the increased uptake of N (demonstrated by the higher δ 15 N) ( benefit the accumulation of proline (Table 6 ) in flag leaves of +M plants undergoing water restriction (D), which may have contributed to an osmotic adjustment that would allow an adequate water status in order to sustain metabolism in flag leaves to be maintained. Contrary to the idea that proline accumulation seems to occur only when plant growth is already retarded by drought stress (Aspinall 1986 ), the accumulation of proline in +M wheat at ACO 2 (Table 6) took place before water restriction exerted any deleterious effect on plant growth (Table 1) . Moreover, the higher N uptake by roots and accumulation in flag leaves of +M wheat undergoing water deficit (D) in comparison with the -M controls (Table 4) , could be related to the high amounts of gliadins found in grains of + M wheat subjected to drought (Goicoechea and others 2016) .
Effects of Mycorrhizal Association Under ECO 2
In well-watered (WW) −M wheat, the greater photosynthetic activity under ECO 2 (+55%) ( Table 2 ) resulted in increased content of TSS (+44%) in flag leaves (Table 5) and, in agreement with Aranjuelo and others (2015) working with cv. Sula of durum wheat, enhanced amounts of monosaccharides (mainly glucose and xylose) in comparison with that of −M plants cultivated at ACO 2 . However, the increased level of glucose together with an accumulation of fructan (Table 5) suggests that utilization and export of carbohydrates from flag leaves was limited under ECO 2 in −M plants (Long and others 2004) . In contrast, enhanced photosynthetic rates in +M plants cultivated under optimal irrigation (WW) under ECO 2 (+84%) ( Table 2) , coincided with a small increase in the level of TSS in flag leaves (+16%) ( Table 5 ). This may be as a consequence of a sink effect of the mycorrhizal fungus (Baslam and others 2012a) associated with wheat roots. This sink effect by AMF may have limited the translocation of sugars to spikes (Table 1) in +M wheat in comparison to -M plants.
The application of water deficit (D) drastically decreased the content of fructan in flag leaves of both -M and +M wheat plants under ECO 2 , and such a reduction coincided with significant increases in the concentrations of glucose and xylose in both types of plants and, to a lesser extent, sucrose in -M plants (Table 5 ). Similarly to findings of Oliveira and others (2013) working with Viguiera discolor (Asteraceae), the proportion of hexoses to sucrose plus fructan in stressed wheat (D) under ECO 2 were more than double in -M plants and more than six times higher in +M plants than in their respective well-watered (WW) controls. Contrary to findings of Goicoechea and others (2014) working with alfalfa, the significant accumulation of TSS in flag leaves of +M wheat plants subjected to drought (D) (an increase of 74% compared to stressed +M wheat at ACO 2 ) (Table 5) did not cause photosynthetic acclimation (Table 3) and could result in an osmotic adjustment that may have allowed +M plants to sustain their metabolic activity under drought conditions (Chaves and others 2003) . Osmotic adjustment could be reinforced by the increased levels of proline in flag leaves after applying water deficit (D) in both +M and −M plants in comparison with their respective WW controls under ECO 2 (Table 6 ). However, in contrast with results at ACO 2 , proline accumulation (Table 6 ) occurred when the production of shoot biomass (Table 1 ) was already negatively affected by drought stress. Similar results were obtained by Hudak and others (1999) in spring wheat subjected to ECO 2 and water deficit.
It has been reported that plant responses to ECO 2 lead to stomatal closure (Long and others 2004) and this also occurred in the flag leaves of wheat cultivated under ECO 2 independently of mycorrhizal inoculation and water regime (Table 2 ). However, compared to values measured at ACO 2 , decreases of g w under ECO 2 were higher in -M wheat plants (exceeding 50%) than in + M plants (reductions ranging from 25% in WW plants to 30% after applying drought) (Table 2) . Surprisingly, the greatest decreases in concentration of N under ECO 2 (as reported by the recovery of N 15 ) (Table 4) were found in + M plants (decreases of around 54-56% depending on irrigation regime), which contrasts with results obtained at ACO 2 . The lack of relationship between g w and N 15 recovery indicates that g w was not the main factor influencing the translocation of N from roots to shoots and its later accumulation in flag leaves at either ACO 2 or ECO 2 . Jauregui and others (2015) reported decreased expression of genes encoding PIP (plasma membrane intrinsic proteins) and TIP proteins involved in leaf water conductance in flag leaves of Sula wheat grown under ECO 2 as compared to plants cultivated at ACO 2 . Moreover, Jauregui and others (2015) also show that expression of nitrate can be negatively affected by ECO 2 . Zhu and others (2016) observed that mycorrhizal inoculation increased N partitioning into the root system of wheat plants and this effect was more evident under ECO 2 than at ACO 2 and, in agreement with our results, Chen and others (2007) reported negative or no effect of mycorrhizal colonization on plant N uptake under ECO 2 (results depending on plant species). In the present study, the decreased Fv/Fm ratio in + M wheat subjected to drought (D) under ECO 2 (Table 2) suggests limited electron transport in chloroplasts and consequently less energy available for nitrate assimilation in flag leaves. In contrast, WW + M wheat under ECO 2 did not show a reduced Fv/Fm ratio.
Conclusions
Mycorrhizal symbiosis improved the tolerance of wheat against water deficit when plants were cultivated at ACO 2 .
In some cases, the benefits provided by the AMF (fructan accumulation in the flag leaf) were observed even without imposing drought conditions and could prevent the deleterious effects of water deficit. In other cases, the beneficial effect of AMF was observed under both well-watered and drought conditions but became more evident when plants were undergoing water restriction (higher photochemistry efficiency of PSII in the flag leaf and increased uptake of N). Finally, only wheat associated with AMF displayed some mechanisms (proline accumulation) that can allow water retention in tissues under drought.
However, our data also showed that, although mycorrhizal association can modulate the effects of ECO 2 on the physiology of durum wheat (that is, avoiding or delaying acclimation of photosynthesis and leaf conductance), ECO 2 impaired some of the benefits provided by mycorrhizal association to host plants at ACO 2 (that is, improved uptake and transport of N to the flag leaves). The mechanisms underlying the interactions between mycorrhizal association and atmospheric CO 2 concentration remain unclear but our results suggest that they can be crucial for the benefits that mycorrhizal symbiosis can provide to wheat plants undergoing water deficit.
